rj photoproduction on the quasi-free nucleons in the chiral quark model 
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A chiral quark-model approach is adopted to study the n photoproduction off the quasi-free neutron and 
proton from a deuteron target. Good descriptions of the differential cross sections, total cross sections and 
beam asymmetries for these two processes are obtained in the low energy region. For yp — > np, the dominant 
resonances are 5 n(1535), S n(1650), £>i3(1520), £>i3(1700) and />i 3 (1720). For the yn — » nn process, the dom- 
inant resonances are Sn(1535), 5n(1650), £>i3(1520), £>is(1675) and Pi3(1720). Furthermore, the u channel 
backgrounds have significant contributions to the n photoproduction processes. The configuration mixings in 
511(1535, 1650) and D B (1520, 1700) can be extracted, i.e. 6 S = 26° and D =s 21°. It shows that the narrow 
bump-like structure around W = 1.68 GeV observed in yn — > nn can be naturally explained by the constructive 
interferences between S n(1535) and S n (1650). In contrast, the destructive interference between 5 n (1535) and 
Sn(1650) produces the shallow dip around W = 1.67 GeV in yp — > r\p. The S wave interfering behaviors 
in the proton and neutron reactions are correlated with each other in the quark model framework, and no new 
exotic nucleon resonances are needed in these two reactions. The helicity amplitudes of Sn(1535), 5 n (1650), 
Di3(1520), £>i3(1700) and £)is(1675) are extracted from the reactions as well. 

PACS numbers: 13.60.Le, 14.20.Gk, 12.39.Jh, 12.39.Fe 
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I. INTRODUCTION 



Understanding of the baryon spectrum and the search for 
the missing nucleon resonances and new exotic states are hot 
topics in nuclear physics QJJ] . Photoproduction of mesons is 
an ideal tool for the study of nucleon resonances in exper- 
iment J2]. Recently, a bump structure around W = 1.68 
GeV was observed in the excitation function of rj production 
off quasi-free neutrons by Ref. yD, which was considered as 
an evidence for a narrow resonance. To further understand 
the "anomalous" peak around W = 1 .68 GeV, the measure- 
ment of the polarized beam asymmetry in 77 photoproduction 
on the neutron is also carried out by the GRAAL Collabora- 
tion 0]. The bump-like structure observed in yn — » rjn stimu- 
lates great interests of other experimental collaborations. The 
CBELSA/TAPS measured the quasi-free photoproduction of 
77 mesons off nucleons bound in the deuteron [5J|, and found 
that there was a pronounced bump-like structure at W — 1 .68 
GeV in the excitation function for 77 production off the neu- 
tron. This structure was absent in yp — > rjp. This structure 
was also confirmed in the 77 production off the neutron by the 
LNS |H and Crystal Ball/TAPS 0]. Very recently, the quasi- 
free compton scattering on the neutron was measured. The 
data reveals a narrow peak at W - 1 .68 GeV as well, which is 
considered as evidence for a narrow structure in the yn — > 7777 
in association with the photoproduction data Jit]. 

Explanations for the bump structure around W - 1 .68 GeV 
have been proposed in the literature. One proposal i9j- fl3"tl 
is that the narrow structure might correspond to the antide- 
cuplet of pentaquark states. The other possibility is that the 
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narrow structure around W — 1.68 GeV is due to the inter- 
ferences of some well known nucleon resonances. For exam- 
ple, Klempt et al. predict that the narrow structure can be 
naturally interpreted by interferences between 5 1 1 (1535) and 
S 11 (1650) I14ll . Similar conclusions are obtained by Shy am 
and Scholten within a coupled-channels K-matrix approach, 
where the the bump structure at W - 1 .68 GeV is attributed 
to the interferingeffects of S u(1535), S n(1650), Pn(1710) 
and Pi3(1710) IU5I1 . In contrast, Shklyar et al. suggest that 
the narrow structure can be explained in terms of coupled- 
channel effects due to S n(1650) and Pn(1710) resonance ex- 
citations Oil. 

It is also interesting to ask why the bump structure has not 
been observed in yp — > rjp if it indeed corresponds to a gen- 
uine resonance. Kuznetsov et al. presented their new data of 
the beam asymmetry for 77 photo prod uction on free protons, 
which may revealed a structure 111711 . However, it is ques- 
tionable to explain this structure as an evidence of a narrow 
resonance according to the partial wave analysis fl4ll . Very 
recently the MAMI-C Collaboration reported their new obser- 
vations on yp — > np. A shallow dip near W — 1 .68 GeV in the 
total cross section is found to be caused by a substantial dip in 
77 production at forward angles |fl~8]]. It is wondered whether 
the dip structure is in connection with the observed narrow 
structure in the neutron reaction. To have a better understand- 
ing of these questions, a combined study of the 77 production 
off quasi-free protons and neutrons is urgently needed. 

In this work, we present a systemic analysis of experimen- 
tal observables, such as differential cross sections, total cross 
sections, and polarized beam asymmetry, for the 77 photopro- 
duction on the quasi-free nucleons, within a constituent quark 
model. 

In the quark model, an effective chiral Lagrangian is intro- 
duced to account for the quark-pseudoscalar-meson coupling. 
Since the quark-meson coupling is invariant under the chiral 
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transformation, some of the low-energy properties of QCD are 
retained. The chiral quark model has been well developed and 
widely applied to meson photoproduction reactions IU9l43lll . 
It has several obvious features. One is that only a limited num- 
ber of parameters will appear in the formalism. In principle, 
only one parameter is needed for the resonances to be cou- 
pled to the pseudoscalar meson in the SU(6)®0(3) symmetric 
quark model limit. This distinguishes it from hadronic models 
where each resonance requires one individual coupling con- 
stant as a free parameter. Secondly, since all the resonances 
are treated equivalently at the quark level. Thus, it would have 
predictive powers to some extent when exposed to experimen- 
tal data. Information about the resonance structures and form 
factors can thus be extracted. Meanwhile, insights into the 
SU(6)®0(3) symmetry breaking can be gained. 

In the case of 77 meson photoproduction off nucleons, the 
chiral quark model can be applied and transition amplitudes 
at the tree level can be explicitly calculated. There are inter- 
esting differences between yp — > rjp and yn — > r\n. In the yp 
reactions, contributions from states of representation [70, 4 8] 
will be forbidden by the Moorhouse selection rule 13211 . As a 
consequence, only states of [56, 2 8] and [70, 2 8] would con- 
tribute to the 77 production. In contrast, all the octet states can 
contribute to the yn reactions. In another word, more states 
will be present in the yn reactions. Therefore, by studying 
the 77 meson photoproduction on the quasi-free nucleons, we 
expect that the role played by intermediate baryon resonances 
can be highlighted. 

The paper is organized as follows. In Sec.[ll] a brief review 
of the chiral quark model approach is given. The numerical 
results are presented and discussed in Sec. [HI] Finally, a sum- 
mary is given in Sec.lIVI 



II. FRAMEWORK 

In the chiral quark model, the quark-pseudoscalar-meson 
and electromagnetic couplings at the tree level are described 

by mm 
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H e = -^^A"(k,r), 
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where tfrj represents the j-th quark field in a hadron, and f m 
is the meson's decay constant. The pseudoscalar-meson octet 
(p m is written as 
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The s and u channel transition amplitudes are determined 



by 



M u = YiWfW* 



Ei - oj„ 



-\Nj)(Nj\H m \Ni), 
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where cjy is the energy of the incoming photons. |^V/), I^Vy) 
and \Nf) stand for the initial, intermediate and final states, re- 
spectively, and their corresponding energies are Ej and 
Ef, which are the eigenvalues of the NRCQM Hamiltonian 
H I33L l34ll . The s and u channel transition amplitudes have 
been worked out in the harmonic oscillator basis in Ref. l30ll . 
The t channel contributions due to vector meson exchange are 
not considered in this work. If a complete set of resonances 
are included in the s and u channels, the introduction of t chan- 
nel contributions might result in double counting l35ll . In fact, 
the t channel vector-meson exchange contribution was found 
to be negligible at low energy region l3ll l36Tl . 

In the Chew-Goldberger-Low-Nambu (CGLN) parameter- 
ization ||37j| , the transition amplitude can be written with a 
standard form: 



M = ifi<r-e+f 2 



(er • q)o- ■ (k x e) 
iqijkj 



.^ (o-kXq-c) , .. (tr-qXq-e) 
lql|k| |q| 2 

where <x is the spin operator of the nucleon, e is the polariza- 
tion vector of the photon, and k and q are incoming photon 
and outgoing meson momenta, respectively. 

It is should be remarked that the amplitudes in terms of the 
harmonic oscillator principle quantum number n are the sum 
of a set of SU(6) multiplets with the same n. To see the contri- 
butions of individual resonances, we need to separate out the 
single-resonance-excitation amplitudes within each principle 
number n in the s-channel. Taking into account the width ef- 
fects of the resonances, the resonance transition amplitudes of 
the i-channel can be generally expressed as l30ll 
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where yfs — Ej + u y is the total energy of the system, a is the 
harmonic oscillator strength, M R is the mass of the s-channel 
resonance with a width Fft(q), and R is the separated oper- 
ators for individual resonances in the s-channel. Its general 
structure is given by i30ll . 



Or = gR A[f R or-e+if«(o--q)or-(kXe) 
+/*( £ r-kXq-e) + /iV-qXq-e)], 



(8) 



where g R is an isospin factor, A is the meson decay amplitude, 
and f^{i = 1,2,3,4) is proportional to the photon transition 
amplitude. The detail of extracting R can be found in 1I30I1 . 

Finally, the physical observables, differential cross section 
and photon beam asymmetry, are given by the following stan- 
dard expressions 0811 : 

da _ a e a m (Ei + M N )(E f + M N ) 1 |q| 4, „ |2 

dQ. ~ \6sMl 2|k|Z^ 1 ' W 



1 4 
M s = J](N f \H m \Nj)(Nj\ E , + a)y _ E . H e\Ni), (4) S = 2Re(// 4 *//, - h;h 2 )/ £ \H,\ 
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where a,„ is the meson-nucleon-nucleon coupling constant, 
and a e is the fine-structure constant. The helicity amplitudes 
Hj can be expressed by the CGLN amplitudes /; with rela- 
tions IS: 



i e 

-sin6»cos-(/ 3 +/ 4 ), (11) 

V2 2 

V2cos 6 -[{f 2 - fi) + sin 2 - U)l (12) 

^sin0sin^(/ 3 -/ 4 ), (13) 
V2 2 

V2sin °-[{f 2 +f 1 ) + cos 2 j(/ 3 - / 4 )]. (14) 
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In this work, we study the rj mesons photoproduction off 
quasi-free proton and neutron from a deuteron target. The 
deuteron is at rest in the laboratory system, but the nucleons 
are not. Thus, the Fermi motion of the quasi-free nucleon 
should be included. To take into account the Fermi motion, 
we follow the method of Ref. 111411 and fold the cross section 
for the free nucleon case with the momentum distribution of 
the nucleon inside the deuteron. This method is also adopted 
in Ref. & 

The quasi-free nucleon bound in the deuteron has a internal 
Fermi momentum p^. Its three components are defined as 



PxN = IPivlsinQivCos^jv, 
PyN = |pAr|sin@ivsin<^v, 

PzN = \Pn\Zn- 



(15) 



The outgoing meson momentum q has a relation with the in- 
ternal Fermi momentum p^ Hill : 



SflP-| + P'» A /E 2 -m 2 [(P»') 2 -|P m | 2 fl 
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where we have defined 
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In the above equations, z is the cosine of the angle between 
meson and photon, i.e. z = cos 6, m\ is the mass of the outgo- 
ing meson, and several variables are defined as 



PON = ^M 2 N + \p N \ 2 , 
stot = M 2 N + 2u)y(p 0N - \p n \zn), 
fsTJf = ^M 2 + 2M N co y , 



(21) 
(22) 

(23) 



M N p N + My(P0N - PzN + M N ) 



-(PON ~ PzN)- 



M N 
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Thus, the differential cross section for the meson photopro- 
duction off nucleons bound in a deuteron can be expressed 
aslH: 



dcr 
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(25) 



where / 2 (p/v) is the nucleon momentum distribution inside 
the deuteron. In the calculations, we can choose the simple 
parametrization of the Paris l40ll or CD-Bonn deuteron func- 
tions l4lll . Both of the parametrizations give nearly the same 
wave functions for deuteron. 



III. CALCULATIONS AND ANALYSIS 
A. Parameters 

In our framework, the resonance transition operator, Or, 
is derived in the SU(6)®0(3) symmetric quark model limit. 
In reality, the SU(6)®0(3) symmetry is generally broken due 
to e.g. spin-dependent forces in the quark-quark interaction. 
As a consequence, configuration mixings would occur, and an 
analytic solution cannot be achieved. An empirical way ll24l — 
l27ll to accommodate the configuration mixings in the symmet- 
ric quark model framework is to introduce a set of coupling 
strength parameters, Cr, for each resonance amplitude, 



Or — > CrOr 



(26) 



where Cr can be determined by fitting the experimental ob- 
servables. In the SU(6)®0(3) symmetry limit, one finds Cr — 
1 while deviations of Cr from unity imply the SU(6)®0(3) 
symmetry breaking. For those two S -wave 1/2" and D-wave 
3/2" states, state mixings seem to be inevitable. We explicitly 
express the transition amplitudes as follows: 



Or^C 



[70, 2 8] 



o 



[70, 2 8,7] 



+ c 



[70, 4 8] 



[70, 4 8,7] 



(27) 



where the coefficients C^ ' 8] and C^ 70 ' 81 should contain state 
mixing information and from which the mixing angles be- 
tween S n(1535) and 5 n 1650), and D 13 (1520) and Z) 13 (1700) 
can be extracted. The determined Cr values for low-lying res- 
onances are listed in Tab. HJ which are in agreement with the 
previous quark model study of Ref. |25i|. We will discuss them 
in details in the later subsections. 

To take into account the relativistic effects l22tl . the com- 
monly applied Lorentz boost factor is introduced in the reso- 
nance amplitude for the spatial integrals, which is 



R (k,q) -> R (y k k,yqq), 
where % = M^/Ei and y q = M^/Ef. 



(28) 



The i]NN coupling, a n , is a free parameter in the present 
calculations and to be determined by the experimental data. 
In the present work the overall parameter rjNN coupling a n 
is set to be the same for both of the processes yn — > ijn and 
yp — > r/p. Our determined r]NN coupling, g n MN — 2.13 (i.e. 
a n = g^ m /4n = .36), is in g ood agreement with the deter- 
minations in Refs. 11231 l42W4ll . 

There are another two overall parameters, the constituent 
quark mass m q and the harmonic oscillator strength a, from 
the transition amplitudes. In the calculation we adopt their 
standard values in the the quark model, m q = 330 MeV and 
a 1 =0.16GeV 2 . 

In the calculations, we allow the resonance masses and 
widths to have some changes around the values from PDG 
to better describe the data. The determined values are listed 
in Tab. [II] It is found that most of the resonance masses and 
widths are in the range of PDG values. The favorable widths 
of 5n(1535) and 5n(1650) are 119 MeV and 105 MeV, re- 
spectively, which are slightly smaller than the lower limit of 
the PDG values [450. 



TABLE I: The strength parameters C R determined by the experimen- 
tal data. 



parameter 


yn — > nn 


yp -» UP 


yp -» IP [25J 


r [70.-8] 


0.85 


1.10 


1.120 


„[70, 4 8] 
L i',l(1535) 


1.66 






r [70, 2 8] 


-0.14 


-0.22 


-0.200 


r [70, 4 8] 


1.29 






'-'Snaeso) 






r l70, 2 8J 
^O n (1520) 


1.21 


1.80 


0.964 


r [70, 4 8J 
^O 13 (iS20) 


0.78 






r [70, 2 8] 
< -'O 13 (1700) 


0.34 


0.50 


0.036 


r [70, 4 8] 
^O 13 (1700) 


1.90 






Cfl 15 (1675) 


1.80 






Cp 13 (l720) 


3.00 


0.81 


1.000 


Cp n (\90Q) 


-1.00 


-1.00 


-2.478 



TABLE II: Breit-Wigner masses M R (MeV) and widths T R (MeV) 
for the resonances in the ^-channel. 



resonance 


Mr 


r R 


Mr (PDG) 


T R (PDG) 


5 U (1535) 


1520 


119 


1535 ± 10 


150 ± 25 


5 U (1650) 


1630 


105 


1655+}g 


165 ± 20 


Oi 3 (1520) 


1525 


100 


1520 ± 5 


115 +10 


£»i 3 (1700) 


1690 


110 


1700 ± 50 


100 ± 50 


Di 5 (1675) 


1675 


140 


1675 ± 5 


150 +15 


J Pi 3 (1720) 


1700 


167 


1720!^ 


2001™ 



B. yp — > rjp with free proton target 

The chiral quark model studies of yp — > r/p have been car- 
ried out in Refs. |23-28]. The improvement of the experi- 
mental situations allows one to determine the free parameters 
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FIG. 1: (Color online) The differential cross sections for the ij pho- 
toproduction off the free proton at various beam energies. The data 
are taken from lfl8h (circles) and iRjjll (squares). 



introduced in the formulation. In this channel the N* states 
of representation [70, 4 8] are prohibited from contribution be- 
cause of the Moorhouse selection rule l32il . This would signif- 
icantly reduce the number of s-channel resonances in the re- 
action in the SU(6)®0(3) symmetry limit. However, the con- 
figuration mixing effects would violate this selection rule, and 
mixings between representations of [70, 2 8] and [70, 4 8] with 
the same quantum numbers have to be taken into account in 
order to obtain a good description of the data near threshold. 

To be more specific, 5n(1535) and 5n(1650) as mixing 
states of |70, 2 8, 1 /2~) and |70, 4 8, 1 /2~) can be expressed as 
follows: 

S n(1535) = cos 0$ |70, 2 8, 1/2")- sin 6 S |70, 4 8, 1/2") , 
S 1 1 (1650) = sin 6s |70, 2 8, 1 /2 _ ) + cos S |70 4 8, 1 /2") ,(29) 



where 
count 



9s is the mixing angle. Taking into ac- 
that the strong transition ratio R% = 
<V|i/ m |70, 4 8,l/2-)/<7V|i/ m |70, 2 8,l/2-> = -1, and that 
the EM transition amplitude (p\H e |70, 4 8) = in the symmet- 
ric quark model due to the Moorhouse selection rule 1I32I1 . 
511(1535) and 5n(1650) transition amplitudes will only in- 
volve the term of [70, 2 8] representations defined in Eq. d27b . 
of which the coefficients can be expressed as follows: 



r [70, 2 8] 
^S„(1535) 

r [70, 2 8] 
„(1650) 



= cos 6s (cos 6s - R\! sin 6s ), 
= sin 6 S (sin 6 S + cos 6s ) . 



(30) 



By fitting the data for yp — > r\p to determine the above coeffi- 
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FIG. 2: (Color online) The fixed-angle excitation functions as a func- 
tion of center mass energy W for the rj photoproduction off the free 
proton. The circles stand for the data from Hal . 



cients and taking their ratio, one can extract the mixing angle 
8 S ■ In particular, it shows that the data favor C^™',®^, - 1.10 

and C^™' (1 g 50) =! -0.22, which are compatible with the previ- 
ous quark model determinations 1I25I - I27I1 . These determined 
values lead to a mixing angle 6s - 24° ~ 32°. It is consistent 
with the mixing angles determined by the partial decay widths 
of $11(1535) and 5n(1650) -> kN and t]N recently 0]. 
In Refs. I25I [50ll . the relation of Eq. (l30t was also obtained. 
However, the extracted mixing angle 9s = -35° 27° ap- 
pears to have a sign difference from ours. This question has 
been clarified in their recent work JH. In Refs. jUSHSl. 
the old conventions of the SU(3) wave functions from Isgur 
and Karl's early works 1331 l34ll were adopted, which resulted 
in = 1. Thus, a negative value for the mixing angle 6s 
was obtained. We suggest one to ado pt th e Isgur's later con- 
ventions of the SU(3) wave functions Iplll in the studies, with 
which the relative signs among the resonances transition am- 
plitudes can be avoided. In line with the Isgur's later conven- 



tions, Rg = — 1 can be determined such that a positive value 
for the mixing angle 6s can be extracted. 

Equation (|30l provides a rather general relation for the 
[70, 2 8, 1/2"] and [70, 2 8, 1/2"] mixings in yp -> r\p. It has 
also an interesting implication of the mixing angle range in 
terms of the experimental observations. Since so far the exper- 
imental data suggests the dominance of 511(1535) near thresh- 
old, the absolute value of \C l ™i®JC l ™'*?l\ » 1. It should 
be noted that the positive mixing angle 6s is consistent with 
the OPE models lf52tl . 1 /N c expansion approach ll53tl . and the 
3 Po pair creation model l54ll . The OGE model gives a negative 
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FIG. 3: (Color online) The total cross section for the ;/ photopro- 
duction off the free proton. The circles and squares stand for the 
data from fl8ll and |4^1 . respectively. The dotted, dashed, dash- 
dotted curves are for the results by switching off the contributions 
from 5 n(1650), P B (1720) and D 13 (1700), respectively. 



value for the mixing angle which is also natural since in the 
OGE model the interacting vertex is defined differently lf33fl . 

Similarly, £>i3(1520) and £>i3(1700) as mixing states of 
|70, 2 8,| )and|70, 4 8, 1 ) are expressed as follows: 

£>i 3 (1520) = cos(9 D |70, 2 8,3/2-> - sin6» D |70, 4 8,3/2"), 
D 13 (1700) = sin0 D |7O, 2 8,3/2~) + cos 6y70 4 8, 3/2~>, (31) 

where do is the mixing angle. The configuration mixing coef- 
ficient can be extracted as follows: 



-,[70, 2 8] 
'013(1520) 



= R cos # D (cos 6 D - sin 6 D / VlO), 



C d°'(1700) = Rsm6 D (sm6 D + cos6 D / VlO), (32) 



D 



where the factor 1 / VlO is given by 
<A^|// m |70, 4 8,3/2-)/<Af[/f m |70, 2 8,3/2-> = 1/ VlO in the 
Tj production. Parameter R is introduced to adjust the overall 
D-wave strength. In yp — > rjp due to the absence of the 
(p|H e |70, 4 8) = helicity amplitude at leading order, the 
amplitude of (p\H e \70, 2 8) cannot be well constrained. This 
amplitude will be canceled out when taking the ratio of 
these two D-wave excitation amplitudes. The deviation 
of R from unity may imply the underestimate of the EM 
transition amplitudes (p|// e |70, 2 8) in the symmetric quark 
model. In fact, it shows that the Di3(1520) helicity coupling 
Ay 2 0.095 GeV~'/ 2 is underestimated by about a factor 
of 1.8 compared with the PDG value ll45tl . In yp — > rjp, 
the data favor Cn 13 (i520) - 1-80 and Cd 13 (17oo) - 0.50, which 
leads to a mixing angle 0d 21° and R 2.4. The extracted 
mixing angle is comparable with that extracted from the OPE 
models [52], 1 /N c expansion approach ll53tl . 3 Po pair creation 
model ll54ll . and the chiral constituent quark approach lf55ll . 
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In Figs. Q] |2] and [3] we plot the differential cross sections, 
fixed-angle excitation functions, and total cross section for 
yp — » rjp. These observables can be well described with the 
parameters determined by fitting 560 data points of the differ- 
ential cross sections from 1 1 8] in the energy region 0.748 GeV 
< E y < 1 .3 GeV. The x 2 per datum point is about % 2 /N = 2.9. 
The dominant low-lying resonances are S n(1535), S n(1650), 



£>i 3 (1520), £>i 3 (1700) and Pi 3 (1720). In Tab.|m]we can see 
that the value of x 1 IN increases drastically if we switch off 
any one of those resonances. This is to show a reasonable 
control of the model parameters near threshold. The well de- 
termined amplitudes are then applied to the quasi-free reaction 
with the deuteron target. 



TABLE III: The^- 2 per datum point for the yp — > r\p (free) and yn — > rjn (quasi-free). To quantify the role played by different resonances, the 
values after removing the corresponding resonances are also listed. 
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C. yp — > rjp with quasi-free proton target 

Taking into account the Fermi motion, our predictions for 
the differential cross sections for the rj photo-production off 
the quasi-free proton are shown in Fig. [4] It shows that the pre- 
dictions are in a good agreement with the data from threshold 
to E y =i 1.4 GeV. In this energy region, the Sn(1535) dom- 
inates the reaction, and £>i 3 (1520) is crucial for accounting 
for the shape deviation from the S wave. The u channel also 
has effects on the differential cross section. By switching off 
the amplitudes of S n(1535) (thin solid curves), or £>i 3 (1520) 
(dash-dotted curves), or u channel (dotted curves), we see that 
the differential cross sections change drastically. 

Similar to the free nucleon reaction, the state mixings be- 
tween [70, 2 8] and [70, 4 8] are important. For S n(1535) and 
S ii (1650), their mixing angle is fixed in the free nucleon re- 
action. In this sense, the quasi-free reaction can be treated 
as a test of the mixing scenario near threshold. The relative 
destructive interference between S n (1535) and S n(1650) ac- 
counts for the sudden change of the angular distributions 
around E y = 1.00 GeV. In this energy region, the dashed 
curves indicate that without the contributions of S 1 1 ( 1 650) the 
differential cross sections would be enhanced significantly. It 
should be mentioned that the destructive interference between 
5 n(1535) and 511(1650) also accounts for the dip structure 
around W = 1670 MeV in the yp — > rjp excitation function at 
forward angles observed by MAMI-C Collaboration recently 
(see Fig.|2|. 

It can be also recognized that £>i 3 (1700) plays an impor- 
tant role around E y = (1.0 ~ 1.1) GeV. We find that a siz- 
able strength of £>i 3 (1700), i.e. Cd 13 (17oo) = 0.50, is needed 
in order to account for the angular distributions. Accord- 
ing to our analysis, £>i 3 (1700) is the main contributor to the 
bump structure around W - 1.7 GeV recently observed by 
MAMI-C Collaboration in the cross section of the rj produc- 
tion off free proton (See Fig. [3)- It should be pointed out that 
in the present work we include sizeable contributions from 



£>i 3 (1700) to improve the agreement with the data for the dif- 
ferential cross sections, which is compatible with the sugges- 
tion of Nakayama et al. |56|| . Another possible explanation 
was discussed within the quark model II241 - I27I1 . where a new 
S ii with a mass of ~ 1.72 GeV was suggested to be included 
to improve the descriptions of the differential cross sections. 

The P-wave state Pi 3 (1720) turns out to have rather small 
effects on the cross section near threshold, but shows up in 
the region of E y = 1.2 ~ 1.4 GeV in the forward angle di- 
rection shown by the short dashed lines. Some contributions 
of Pi 3 (1720) in the yp — > rjp reaction were also suggested 
in CI M M- 

The u channel plays an important role in the reactions. The 
dotted curves show that by turning off the contributions of 
u channel backgrounds, the cross sections will be underesti- 
mated significantly. 



In Fig. [5] the total cross section and the exclusive cross sec- 
tions of several single resonances are shown. Our results are 
in good agreement with the data up to E y = 1.8 GeV. The thin 
line in the upper panel of Fig. [5] denotes the result of no Fermi 
motion, i.e. the cross section for the free proton reaction in 
Fig. [3] It shows that the Fermi motion has the most signifi- 
cant corrections around S u (1535) energy region and becomes 
negligible in the higher energy region. 

Apart from the Fermi motion corrections, the main feature 
of the T] photoproduction off quasi-free protons is similar to 
the case of free proton reaction. In particular, we still see 
the dominance of S n(1535) near threshold and its destructive 
interference with S n(1650) which accounts for a shallow dip 
near£ r =* 1.05 GeV (W = 1.68 GeV). 



Polarization observables should be more sensitive to the un- 
derlying mechanisms. In Fig. |6l we plot the polarized beam 
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FIG. 4: (Color online) The differential cross sections for the ;/ pho- 
toproduction off the quasi-free proton at various beam energies. The 
data are taken from Q. The solid curves correspond to the full model 
result. The thin solid, dashed, dash-dotted, dash-dot-dotted, short 
dashed, dotted curves are for the results by switching off the contribu- 
tions from 5 u(1535), 5 n (1650), D 13 (1520), D 13 (1700), / , 13 (1720), 
u channel, respectively. 



asymmetry for yp — > r\p in comparison with the data for both 
quasi-free (solid circles) and free (open circles) proton reac- 
tions. These two sets of data exhibit similarities with each 
other, which indicate the small effects from the Fermi motion 
corrections. The theoretical results are able to reproduce the 
data agreeably up to E y 1.1 GeV. The discrepancies come 
up in the higher energy region of E y > 1 .05 GeV, where the 
contributions from higher resonances may become important. 

By switching off the single resonance contributions, we can 
examine their roles in the reaction. It shows that the large 
asymmetries in the intermediate angle is due to the dominant 
S -wave interferences with the D-wave. 

The interferences of 5n(1535) with Di3(1520) dominate 
the beam asymmetry. As shown by the dashed and dotted 
curves, if we switch off the contributions of 5 1 1 (1535) and 
Di3(1520), respectively, the asymmetries change drastically. 
The important roles of S n(1535) and £>i3(1520) in the beam 
asymmetry are also suggested in ll26i l27i l57l l59ll . 

The contributions of S n (1650), Di 3 (1700), P 13 (1720) and 
u channel backgrounds begin to appear in the energy region 
E y > 1.0 GeV. With the increasing energy the contributions 
become more and more obvious. Pi 3 (1720) seems to be re- 
sponsible for the shifting of the maximum to forward angles. 
If we switch off its contributions, the beam asymmetry will 
keep an approximate forward-backward symmetry. 

In brief, it shows that the configuration mixing effects are 
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FIG. 5: (Color online) The quasi-free cross section for yp — > rjp. 
The data are taken from 01 • In the upper panel the bold solid curve 
corresponds to the full model result, while the dashed, dotted curves 
are for the results by switching off the contributions from the u 
channel and 5n(1650), respectively. The partial cross sections for 
5 U (1535), 5 U (1650), D B (1520), D 13 (1700), Pi 3 (1720), u channel 
are indicated explicitly by different legends in the figure. 



important for describing yp — > r\p near threshold. 511(1535) 
dominates the cross section, and its destructive interference 
with S 1 1 ( 1 650) naturally accounts for the dip structure around 
W - 1.68 GeV in the total cross section. The D-wave state, 
i.e. Di 3 (1520), is crucial for accounting for the angular dis- 
tributions in the differential cross sections and beam asym- 
metry as found by other analyses lfl5l l57l - l60ll . Signals for 
Di3(1700), fi3(1720) and M-channel contributions are also ev- 
idential. 



D. 



yn ■ 



rjn with quasi-free neutron target 



For the yn — > r\n process, the Moorhouse selection rule 
no longer applies. Thus, both the spin-3/2 and spin- 1/2 reso- 
nances would contribute in the s channel. Apart from the in- 
evitable Fermi motion corrections, another feature with yn — > 
rjn is that the EM interaction only involves neutral hadrons. 
Therefore, the electric terms would vanish and the leading 
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FIG. 6: (Color online) Beam asymmetry 2 in the rj photoproduc- 
tion off quasi-free protons as a function of CM ,. The solid squares 
correspond to the quasi-free proton data from Ref. JJ], while the 
solid circles stand for the free proton data from Ref. 1481 . The bold 
solid curves are the full model results. The results by switching off 
the contributions from 5 n(1535), S u (1650), D, 3 (1520), D 13 (1700), 
Pb(1720), and u channel are indicated explicitly by different legends 
in the figure. 



EM coupling would come from the magnetic terms. As a 
consequence, the neutron reaction does not share the same 
resonance strength parameters Cr with the proton reaction, 
although the strong interaction vertices can be well connected 
with each other by the isospin symmetry relation. With the 
same mixing scheme in Eq.d29il we can extract the configura- 
tion mixing coefficients for 5n(1535) and 5n(1650), which 
are 



C 
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S„ (1535) 
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"S,i(1535) 



= R 2 cos 8s (cos 0s + sin 0s )> 
= R s 4 sin c?s (sin 6? s + cos0 s ), 



CKL = R S 2 sin6» s (sin(9 s -cos0 s ), 



'S ii(1650) 

r [70, 4 8] 
U S „(1650) 



= cos 8s (cos 0s - sin 0s), 



(33) 
(34) 
(35) 
(36) 



where R^ and R s 4 are introduced to adjust the strength of the 
partial wave amplitudes of [70, 2 8,l/2-] and [70, 4 8, 1/2"], 
respectively, which may be overestimated or underestimated 
in the naive quark model. 

Furthermore, considering the configuration mixing effects 
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FIG. 7: (Color online) The differential cross sections for the r\ photo- 
production off the quasi-free neutron at various beam energies. The 
data are taken from Ref. The solid curves correspond to the 
full model results. The thin solid, dashed, dash-dotted, dash-dot- 
dotted, short dashed, dotted curves are for the results by switching off 
the contributions from S u(1535), S u(1650), Di 3 (1520), £>, 5 (1675), 
/ > i3(1720), it channel, respectively. 



in the Di3(1520) and Do(1700), we extract the configuration 
mixing coefficient as follows: 
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[70, 4 8] 
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Rj cos8d(cos8d == sin#o), 

VTo 

R 4 sint9 (sin cos 0o), 

R? sin c?o(sin 0d h ]= cos 0d), 

VTo 

R? cos D (cos D + VTOsinfo), 



(37) 

(38) 
(39) 

(40) 



where R® and R® are the constants which are introduced 
to adjust the strength of the partial wave amplitudes of 
[70, 2 8, 3/2-] and [70, 4 8, 3/2"], respectively. 



In this reaction the mixing angles, 0s =25° and 0q = 20° 
are fixed in the yp — » r\p process. The R values {R\, R S A , R® 
and R® ) and Cr values for the D15 and P13 resonances are 
determined by fitting the 90 data points of differential cross 
sections in the energy region 0.8 GeV< E y <1.4 GeV with 
X 2 /N = 1.6. With these fitted values, R s 2 = 0.71, R s 4 = 2.95, 
/?2 = 1.55 and R® = 1.0, we obtain a good description of 
the differential cross sections, beam asymmetries, and total 
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FIG. 8: (Color online) Fixed-angle excitation functions as a function 
of center mass energy W for the quasi-free yn — » rpi process. Where 
z is defined by z = cos 9 CJ „_. The data are taken from 1131 . 



cross section from threshold up to E y 1 .2 GeV as shown in 
Figs.lTlfTOl With these determined R values, the Cr values for 
the S and D wave resonances are extracted and listed in Tab.Q] 
In yp — > r\p the main resonance contributions are from 
511(1535), 511(1650), D 13 (1520), £>i 5 (1675) and P 13 (1720). 
As shown in Tab. [TTT1 the x 1 IN value would increase dras- 
tically if any one of these resonances is absent in the fitting. 
Among the main contributors, the S n(1535) plays a dominant 
role as well-known in the literature. If we turn off its contribu- 
tion (see the thin solid line in Fig.|7]i, the differential cross sec- 
tions become tiny, and the;^ 2 /yV increases to a very large value 
of 120. The constructive interferences between S n(1650) and 
5 1 1 (1535) around E y (1.1 ± 0.2) GeV can be clearly seen 
in both differential and total cross sections. Turning off the 
contributions of 5n(1650) (see the dashed curves the Fig. [7} 
the cross section is apparently underestimated. With the con- 
structive interferences between S n(1535) and S n(1650), we 
can naturally explain the second small bump-like structure at 
W - 1.68 GeV (E y * 1.0 GeV) in the total cross section and 
excitation function (see Figs. [8]and|9]l, although the theoret- 
ical results has slightly underestimated the data for the exci- 
tation functions at forward angles. Our conclusion is com- 
patible with the recent partial-wave analysis results ITill and 
the coupled-channel K-matrix approach [15]. The dash-dotted 
line in the upper panel of Fig. [8] shows that the second bump 
disappears as long as S n(1650) is switches off. Furthermore, 
we noted that there are other explanations about the bump- 
like structure at W - 1 .68 GeV. For example, Shklyar et al. 
explained the bump-like structure in terms of coupled-channel 
effects due to S n (1650) and P\ i(1710) fig). InRefs. HoifTlll, 
the structure around W = 1 .68 GeV was even considered as 
evidence for a non-strange member of the anti-decuplet pen- 
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FIG. 9: (Color online) The cross section for the quasi-free yn — > rpi 
reaction. The data are from Ref. Q|. In the upper panel the heavy 
(thin) solid curve corresponds to the full model result with (without) 
Fermi motion corrections, while the dashed, dash-dotted curves are 
for the results by switching off the contributions from the u channel 
and S 1 1 (1650), respectively. The partial cross sections for 5 n (1535), 
S n(1650), D 13 (1520), D 15 (1675), P 13 (1720), u channel are indicated 
explicitly by different legends in the figure. 

taquark state P n (1670) jrSlll . 



Di3(1520) is crucial for the shape change of the differen- 
tial cross sections in the low energy region E y < 1.0 GeV, 
although its effects on the total cross section are negligible. 
The dash-dotted curves in Fig. [7j show that without its con- 
tributions, the forward angle enhancement would disappear. 
The importance of £>i 3 (1520) can also be seen in the beam 
asymmetry. In Fig. [T0]it shows that the interferences between 
Di 3 (1520) and S n(1535) govern the beam asymmetry at the 
low energy region E y < 1.1 GeV. Switching off the Di 3 (1520) 
(dash-dot-dotted curves ) or 5n(1535) (dashed curves), we 
find that the curves change drastically. 

A relatively large contribution from Dis(1675) with 
Cd I5 (1675) = 1.8 seems to be favored by the experimental 
data. In Fig. [7] as indicated by the dash-dot-dotted lines, 
the cross sections at forward angles are overestimated signif- 
icantly without £>i5(1675). The relatively large strength pa- 
rameter, Cz> 15 (i675) = 1.8, for £>i5(1675) might due to the un- 
derestimate of the helicity couplings in the naive quark model. 
In the SU(6)®0(3) symmetry limit, the helicity couplings of 
Di 5 (1675) are A" /2 =* -0.032 GeV~ 1/2 and A" y2 = -0.045 
GeV -1 / 2 , which are much smaller than the center values from 
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FIG. 10: (Color online) Beam asymmetry X in n photoproduction 
off the quasi-free neutron as a function of 8 c m . The data are taken 
from Ref. 0]. The solid curves are the full model results. The re- 
sults by switching off the contributions from Sn(1535), 5n(1650), 
£>i3(1520), £>i5(1675), and u channel are indicated explicitly by dif- 
ferent legends in the figure. 



thePDG SI. 

In the SU(6)®0(3) symmetry limit, the contributions of 
fi3(1720) are too small to reproduce the forward peak in the 
differential cross sections in the energy region E y (1.2 + 0.1) 
GeV. By fitting the data, it shows that a relatively large value 
Cp n (i720) - 3.0 should be applied. As denoted by the short- 
dashed line in Fig. [7] we see that without Pi3(1720), the 
forward peak in the differential cross sections would disap- 
pear. Contributions from Pi3(1720) were also suggested by 
Klempt et al. fTill . The unexpectedly large strength parame- 
ter of Pi3(1720) in the reaction could be an indication that the 
SU(6)®0(3) symmetry is badly violated (62]. 

The u channel background also plays an important role in 
the yn — > r\n process. It has a constructive interferences with 
5 1 1 1 (1535). As shown by the dotted lines in Fig.|7]and dashed 
line in the upper panel of Fig. |9j the cross sections will be 
underestimated more and more obviously with the increasing 
energy if the u channel is switched off. 

In the lower panel of the Fig. [9] it shows that the £>i3(1520), 
£>i5(1675) and Pi3(1720) and background u channel have 
comparable exclusive cross sections with S n (1650) around 
E y =: 1.1 GeV. Their overall interfering effects have been 
essential for a good description of the experimental observ- 
able in this energy region. For instance, it can be noticed 
that the angular distributions of the cross sections are sensi- 



tive to £>i 3 (1520), £> 15 (1675) and Pi 3 (1720), although their 
effects on the total cross section are negligible. Furthermore, 
the S ii (1650), Di5(1675) and background u channel have also 
sizeable effects on the beam asymmetry. Comparing with 
the data, we find that the predicted maximum for the beam 
asymmetry slightly shifts to the backward angles in the region 
E y > 1 .0 GeV. It might indicate that higher resonances have 
interferences and they should be included with more elaborate 
considerations. 

We also mention that other resonances, such as Pi i( 1440), 
Pn(1710), £>i 3 (1700), have negligible effects in the 77 photo- 
production. 

Similar to the yp — > rjp process with quasi-free protons, 
the Fermi motion brings corrections to the cross section from 
threshold up to the mass of 5 1 1 (1535). The effects decrease 
with the increasing energy as denoted by the thin solid curve 
in the upper panel of Fig. [9] 

To briefly summarize this subsection, we show that with the 
well-established 5 n (1535), 5 n(1650),Di 3 (1520),D 15 (1675) 
and Pi3(1720) resonances and contribution of the u channel, 
we can obtained a good description of the reaction yn — » r\n 
with quasi-free neutrons. In this reaction, 511(1535) plays a 
dominated role similar to yp — > r\p. However, due to the pres- 
ence of [70, 4 8] states, the amplitude of 511(1535) appears 
to have a constructive interference with 511(1650), which is 
crucial to explain the bump-like structure around W = 1.68 
GeV. We also find that the angular distributions of the differ- 
ential cross sections are sensitive to Dis(1675) and Pi3(1720) 
around E y = 1.1 GeV, and the u channel contributes a large 
background to the differential cross sections. The interfer- 
ences between Di3(1520) and 5n(1535) govern the beam 
asymmetry at the low energy region E y < 1.1 GeV, while 
contributions of several other resonances, such as Pn(1440), 
Pn(1710) and Di 3 (1700), are negligibly small. 



E. <r„ / Cp with quasi-free neutron target 

With the reasonable description of the 77 photoproduction 
off the free nucleons available, we can proceed a prediction 
for the quasi-free neutron/proton cross section ratio, cr n /cr p . 
This quantity was measured by CBELSA/TAPS Collabora- 
tion 0]. In Fig. QT| the theoretical prediction is plotted as 
the solid curve to compare with the experimental measure- 
ment . It shows that the data can be well described by the 
solid curve, and an enhancement around W - 1.68 GeV is 
observable. 

In the literature this sharp peak at W 1.68 GeV is con- 
sidered as an evidence of a new resonance (H T^l— TsL [Iol - tl2Tl . 
However, in our case it can be naturally interpreted as the in- 
terferences between 5n(1650) and 5n(1535), i.e. destruc- 
tive in yp — > rjp but constructive in yn — > r\n. The dashed 
curve in Fig.fTTIdenotes the cross section ratio with S n(1650) 
switched off. It shows that the ratio becomes flat and the sharp 
peak disappears. Our prediction agrees with that of the recent 
partial-wave analysis H 1 411 - The ratio is also studied within a 
unitary coupled channel model, it is interpreted by the coupled 
channel effect in S waves, where the S n(1535) is dynamically 
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generated 13911 . 



The helicity amplitudes of the nucleon resonances can be 
extracted by the relation l67ll . 
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H\m r t r 
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(41) 



where b n = r^v/Ts is the branching ratio of the resonance, 
which can be obtained from the experimental determinations. 
The quantity £ for different resonances can be analytically ex- 
pressed from their CGLN amplitudes. In this work, we have 
given the expressions of the £ for the low-lying S and D-wave 
resonances in Tab. HVl 



FIG. 11: (Color online) Cross section ratio cr„/a- p for the quasi-free 
reactions yn — > nn and yp — > rip as a function of the photon energy. 
The data are taken from Ref. [50 . The dashed curve is the result with 
the S n(1650) switched off. 



In the calculations we take the branching ratios of various 
resonances from j45l HH HH |68t], which have been listed in 
Tab. [V] Together with the model parameter fixed, we can ex- 
tract the helicity amplitudes of those low-lying S and D-wave 
resonances that are listed in Tab. [V] The PDG values j45ll are 
also listed as a comparison. It is found that the predicted mag- 
nitudes for A 1/2 and A3/2 are compatible with the PDG values 
at the 30% level. 



F. helicity amplitudes 



TABLE IV: The expressions of £ in Eq.fJTJfor various resonances. 

^a e a„n{M N + Ef)/M 3 R /F R , ft = 



Where we have defined % 



[ in,, 3a 2 y E f +M N 



)\e , andS = -|j(l + 



E f +M N 



S„(1535) e m 


-ft 


^(1 + £X*C^ 

6 ^ T 6m,' 1 4' li (1535) T 36m, U S n (1535) 




S„(1650) f U2 

en 
6 1/2 




, -, r nO?S]n <4 r [70, 4 8]n 
6 ^ "*" 6m, ^SudeSO) 36m, S i , ( 1650) 




D 13 (1520) f U2 

S3/2 

en 

?l/2 

en 
?3/2 


-VT* 
-Vi 


[* 

'K 


•S' /T u 7 n> r [70, 2 8]p 
n y2 6 - C "-D 13 (1520) 

n w y , r [70, 2 8]„ 4 r [70, 4 8 
3m, ' D]3(1520) 180m, °Z>i 3 (l. 

w r ,~[70, 2 8]n <4 ^[70, 4 8]n 
2V3 013(1520) + 20V3m, Ol3d520) 


- 

20) 




£> 13 (1700) ei/2 

en 
63/2 

eP 
?l/2 

eP 
63/2 


-4 


">r/, w y [70, 2 8]« " 7 r [70, 4 8]n 
6^ 3m, -"-flBtnOO) 180m, ^ D U (1700) 

<K \ r [70 - 281 " i °% r [70 - 4s] " 1 <R 

[2V3 Bl3(1700) 201/3^ ^3(1700)]-° 

n^r/t \iR/^[70, 2 8]p 
^ \ 2 6 m, -'■"'"Di-KnOO) 

•tt /i"^ «r [70,281p 

/v \ 2 6 -""-Dntnoo) 


'£ 


£», 5 (1675) f/ /2 

3,2 


<7C 20V2,„, SCd 15< 1675 ) 



It should be mentioned that when we take the small branch- 
ing ratio b v = 0.05 ± 0.02% from JMIH for 7J>i 3 (1520), its 
extracted helicity amplitudes are good agreement with the val- 
ues from PDG. However, if we use the large branching ratio 
b n = 2.3 + 0.4% from PDG, the helicity amplitudes are too 
small to be comparable with the experimental values. 



Furthermore, we have noted that the A'^ 2 for S u (1650) ex- 
tracted by us has a posi tive sign, which is opposite to that 
of other predictions Il4l l5ll l64T - l66ll . Without configuration 
mixing between [70, 2 8] and [70, 4 8], the value of A n 1/2 for 
S ii (1650) predicted from quark model is positive, which to- 
tally comes from [70, 4 8] JmIHS. While, when the con- 
figuration mixing effects are included, the previous quark 



model study predicted a negative value of A"^ 2 for S n (1650) 



which is dominated by [70, 2 8] J5H I64M66H . In this work, 
we make some corrections for the amplitudes of [70, 2 8] and 
[70, 4 8] to reproduce the data for yn — > rjn reaction. It is found 
that a strong contribution of [70, 4 8] might be needed in the re- 
action, which leads to a dominant contribution of [70, 4 8] to 
the A", 2 in the configuration mixing scheme. Thus, we obtain 
a positive sign. 



The branching ratio b l; for Dis(1675) has a large uncer- 



tainty. With the upper limit of b n (i.e. b n = 0.01), the ex- 
tracted helicity amplitudes, A"^ ^ -40 and A"^ ^ -56, are 
good agreement with the values of PDG, which indicates the 
branching ratio b n might favor a large value of b n ^ 0.01. 
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TABLE V: Estimated helicity amplitudes of the 5 and Z)-wave resonances (in 10 3 GeV l ' 2 ). 



resonance 


A 1 ' 


a; j /2 (pdg) 


A 1 ' 


Af /2 (PDG) 


A" 


A» /2 (PDG) 


A" 

^3/2 


A* n (PDG) 


b n used in this work 


S ii (1535) 


60 ±5 


90 ±30 






-68 ±5 


-46 ± 27 






0.45 ~ 0.60 [45J 


5n(1650) 


41 ± 13 


53 ± 16 






24 ±7 


-15 ±21 






3 ~ 10% [45J 


£>i 3 (1520) 


-32 ±7 


-24 ±9 


113 ±23 


166 ±5 


-40 ±8 


-59 ±9 


-124 ±26 


-139 ±11 


0.05 ± 0.02% [58, 59J 


O 13 (1700) 


-12 + 4 


-18 + 13 


24 ±8 


-2 ±24 


-2± 1 


0±50 


-3 + 1 


-3 ±44 


0.1 ±0.06 [68J 


£»is(1675) 




19 ±8 




15 ±9 


-40" 


-43 ± 12 


-56" 


-58 ±13 


0.0 ±0.01 [45J 



"These helicity amplitudes of £>i5(1675) are obtained with b, t = 0.01. 



IV. SUMMARY 

In this work, we have studied the rj photoproduction off the 
quasi-free nucleons within a chiral quark model. Our main 
motivation is to study the bump-like structure observed in the 
rjn process around W — 1.68 GeV. We have achieved good 
descriptions of the differential cross sections, total cross sec- 
tions, and polarized beam asymmetries for both processes in 
the three-quark scenario for the baryon resonances. 

It is found that the constructive interference between 
511(1650) and 5 u(1535) is responsible to the bump-like 
structure around W =* 1 .68 GeV in the yn — > rjn process, while 
the destructive interference between S n(1650) and S n(1535) 
produces the shallow dip around W - 1.68 GeV in the to- 
tal cross section of yp — > rjp. Such interferences can lead 
to a sharp peak in the ratio of o-„/cr p at W - 1.68 GeV. We 
also find that no new resonances are needed for both of the 
processes to interpret the observations in a rather broad en- 
ergy region above the threshold. We note that the importance 
of the interference between S n(1650) and S n(1535) are also 
found for the np — » r\n process in our previous studies ll63ll . 

Apart from S n (1535) and S n(1650), Z> 13 (1520) also plays 
an important role in both of the reactions. It accounts for the 
major deviations of the angular distributions of the cross sec- 
tion from an S wave, and also produces large beam asymme- 
tries near threshold. The u channel background can not be 
neglected for both of the processes. It enhances the cross sec- 
tions obviously. Our calculation favors a much larger contri- 
bution from Pi3(1720) around its threshold. Since it is within 
the second orbital excitation multiplets, such an enhanced 



strength could imply the breakdown of the SU(6)®0(3) sym- 
metry. Further elaborate treatment for higher excited states 
should be considered. We also find that around W - 1.1 GeV, 
£>i5(1675) is crucial for the angular distributions of the cross 
section for yn — » r\n, while Di3(1700) plays an important role 
in yp — > r\p. 

It should be emphasized that the configuration mixing ef- 
fects in the S and D wave resonances are important for de- 
scribing yp — > T]p near threshold. We have estimated the mix- 
ing angles 9s and 9q, which are 9s - 26° and 9a 21°. These 
mixings are also included in yn — > r\n, although some ambi- 
guities would arise from the EM couplings. A much detailed 
study of this issue will be reported elsewhere. 

In this work, we have extracted the helicity amplitudes 
for the S and D-wave resonances 511(1535), Sn(1650), 
£>i 3 (1520), D 13 (1700) and D 15 (1675) from the reactions, 
which are compatible with the values from PDG. 
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